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Abstract—In this paper, a dynamic-hybrid automatic repeat
request (D-HARQ) scheme with guaranteed delay performance
is proposed. As opposed to the conventional HARQ that the
maximum number of re-transmissions, L, is fixed, in the proposed
scheme packets can be re-transmitted more times given that the
previous packet was received with less than L re-transmissions.
The dynamic of the proposed scheme is analyzed using the
Markov model. For delay sensitive applications, the proposed
scheme shows a superior performance in terms of packet error
rate compared with the conventional HARQ and Fixed re-
transmission schemes when the channel state information is not
available at the transmitter. We further show that D-HARQ
achieves a higher throughput compared with the conventional
HARQ and fixed re-transmission schemes under the same relia-
bility constraint.
Index Terms—Hybrid automatic repeat request, H-ARQ, re-
transmission, Ultra-reliable and low latency communications
(URLLC).
I. INTRODUCTION
The 3rd generation partnership project (3GPP) has identified
ultra-reliable low-latency communications (URLLC) as one
of the key application scenarios for the 5th generation (5G)
mobile standard [1]. URLLC mostly covers mission critical ap-
plications, such as smart grids and wireless industrial control.
URLLC demands a very high reliability and low latency and
targets transmissions of small data payloads and accordingly
short packets to meet the latency requirement [2]. The general
URLLC requirement according to 3GPP is that the packet
error rate (PER) for the transmission of packets of size 32
bytes should be ≤ 10−5, within a user plane latency of 1ms
(with or without re-transmission) [3]. The user plane latency
is defined as the time to successfully deliver a data block from
the transmitter to the receiver via the radio interface in both
uplink and downlink directions [4].
To meet the latency constraint in URLLC applications one
can widen the system bandwidth, which is not always possible
especially for applications that might operate over unlicensed
spectrum [5]. We can also use short packet communications to
reduce the latency but this will reduce the coding gain [4]. This
is mainly because of the fewer channel observations due to the
finite length. More specifically, if we decrease the block length,
the coding gain will be reduced and the gap to the Shannon’s
limit will increase [6]. Authors in [6] characterized the channel
coding rate in the finite length regime. For short packet
communications in URLLC, we need to use strong channel
codes paired with re-transmission techniques for enhancing
reliability, which indeed increase the latency [7].
In most re-transmission strategies, a packet is re-transmitted
several times when the decoding failed. The receiver sends
a negative acknowledgment (NACK) to the transmitter and
asks for a re-transmission. In automatic repeat request (ARQ),
the receiver drops all the previous copies of the packet and
performs the decoding on the freshly arrived copy of the
packet. In Hybrid ARQ (HARQ), the receiver keeps all the
previous copies and combines them with the freshly received
packet for the decoding. The re-transmission stops when the a
pre-determined number of copies are sent and the receiver sent
an acknowledgment (ACK). In Chase combining (CC) HARQ,
the transmitter sends the same packet every time it receives
a NACK and the receiver uses maximum ratio combining
(MRC) to combine packets and performs the decoding. The
transmitter can also generate new encoded packets and send
them to the receiver, so the receiver can perform the decoding
on a longer codeword. This is referred to as incremental
redundancy (IR). Both CC-HARQ and IR-HARQ have been
studied under the finite block length assumption in the additive
white Gaussian noise (AWGN) channel [8], Rayleigh block
fading channel [9], [10], and other communication scenarios
[11], [12].
Authors in [2], considered the low latency short packet
communications and evaluated the HARQ and fixed trans-
mission strategy. In fixed transmission (Fixed-Tx) each packet
will be re-transmitted several times and the number of re-
transmissions is set in advance. The authors also considered
the delay associated with the feedback message in the HARQ
scheme. As shown in [2], HARQ may significantly outperform
Fixed-Tx in terms of the achievable rate under the same
latency and reliability constraints for a given information block
length and number of diversity branches. Motivated by this
work, we propose a dynamic HARQ (D-HARQ) scheme,
which targets ultra-reliable communications for delay sensitive
applications.
In D-HARQ, each packet can be re-transmitted more times
given that the previous packet was decoded earlier than its
deadline. In other words, in D-HARQ the diversity branches
are opportunistically used by the transmitter in order to provide
a higher level of reliability. We analyze the packet error
rate and throughput of the proposed scheme and show that
it outperforms both the Fixed-Tx and conventional HARQ
schemes in terms of reliability and throughput under the same
delay constraint. We particularly show that when only one
re-transmission is allowed, which is the scenario of interest
in many URLLC application [13], the proposed D-HARQ
scheme achieves more than 10dB gain compared with the
conventional HARQ scheme under the same packet error rate
of 10−3 and delay constraint. The gain further increases when
higher levels of reliability are of interest and more diversity
branches are available.
The rest of the paper is organized as follows. In Section
II, the system model and some preliminaries on HARQ and
finite block length approximation are presented. In Section III,
we explain the proposed dynamic HARQ scheme. We analyze
the performance of D-HARQ in terms of packet error rate and
throughput in Section IV. Numerical results are represented in
Section V. Finally, Section VI concludes the paper.
II. SYSTEM MODEL AND PRELIMINARIES
A. Channel Model
We consider a memoryless Rayleigh block-fading channel
represented by
y(t) = h(t)x(t) + w(t), (1)
where x(t) and y(t) are the transmitted and received signals,
respectively, w(t) ∼ CN (0, 1) is the zero-mean additive white
Gaussian noise (AWGN) with power spectral density N0/2,
h(t) ∼ CN (0, 1) is the multipath fading component. We further
assume that E[|x(t)|2] = P and E[|h(t)|2] = 1. The channel
signal-to-noise ratio (SNR) is then given by γ0 = P . The
channel stays constant within the coherence block and changes
independently across coherence blocks. The channel coherence
time and bandwidth are denoted by Tc and Bc, respectively.
For a system bandwidth B, the available number of diversity
branches is Lc = ⌊B/Bc⌋.
For an orthogonal frequency division multiplexing (OFDM)
system, each resource block (RB) consists of a number of
OFDM symbols, each spanning a number of subcarriers. A
time slot is defined as the interval over which an RB is
transmitted. In each time slot, the transmitter sends over
L diversity branches. We assume that the transmission in
different slots occur on different diversity branches and that
Lc ≫ L. Fig. 1 shows the block-fading OFDM channel model,
where the number of diversity branches is Lc = 2 and the
channel coherence time Tc spans 2 time slots. For simplicity
of analysis in this paper, we assume that L = 1 and packets
experiences an independent fading over each time slot [14].
The extension to the general system setup considered in [2] is
straightforward.
B. Fixed Transmission and HARQ
We consider a delay sensitive application that each packet
needs to be received by a given deadline. More specifically,
packet ℓ needs to be received on or before time Tℓ. We assume
that the interval between Tℓ and Tℓ−1 spans L time slots for
all packets. In Fixed-Tx, the transmission of packet ℓ starts at
time Tℓ−1 and finishes at Tℓ. That is L copies of the packet
is received at the destination and the packet will be dropped
if the decoding failed at Tℓ. Fig. 2-(b) shows the Fixed-Tx
scheme when L = 2. Each packet is of length 2n symbols and
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Fig. 1. The block-fading OFDM channel model with Lc = 2 diversity
branches where Tc spans 2 timeslots.
that a rate R channel code is used to encode k information
bits to 2n coded symbols, i.e., R = k/(2n).
In HARQ, each packet is sent by the transmitter and will
be re-transmitted if a NACK is received by the transmitter.
For simplicity, we assume that the transmitter re-transmits
the exact same message in each round of re-transmissions
and that the maximum number of re-transmissions is L − 1.
The re-transmission is stopped when the maximum number of
re-transmissions is reached or an acknowledgment (ACK) is
received by the transmitter. The receiver combines all copies
of the same packet using maximum ratio combining (MRC)
and performs maximum likelihood (ML) decoding. The packet
is dropped when the maximum number of re-transmissions is
reached and the receiver fails to decode the packet. We refer
to this event as the packet failure.
In HARQ, the receiver needs to feedback an ACK/NACK
on its data to inform the transmitter whether to re-transmit
or terminate the current packet transmission. Such a feed-
back mechanism introduces a delay compared with the fixed
transmission strategy. We assume that the feedback delay per
time slot amount to half a timeslot. Therefore, using a HARQ
strategy, a timeslot of length 2n symbols is further divided into
two mini-slots, and the first mini-slot is for packet transmission
and the second mini-slot is for the feedback message (see
Fig. 2-(a)). As each packet is sent over mini-slots of length
n symbols, as opposed to the timeslots of length 2n symbols
in Fixed-TX, the channel code rate in HARQ is twice that in
Fixed-TX. One can easily extend this model to consider an
arbitrary length for the feedback message.
C. Packet Failure Model
Let us assume that k information bits are sent using a packet
of length N symbols and re-transmitted m − 1 times over
m independent diversity branches. For simplicity we assume
that all packets, including the re-tranmitted packets, have the
same length N . Using maximum ratio combining (MRC) at
the receiver, the overall signal-to-noise ratio (SNR) is given
by γCC =
∑m
i=1 γi, where γi is the channel SNR at time slot i.
We use the normal approximation [6] to find the packet error
T`−1 T`
Transmission of packet `− 1
Transmission of packet `
T`+1
ACK
Transmission of packet `
NACK NACK ACK
(a) Adaptive HARQ
(b) Fixed L re-transmissions
Packet `− 1 Packet `
Re-transmission of Packet `− 1 Re-transmission of Packet `
Ack/NAck Transmission
Fig. 2. Re-transmission techniques; (s) The proposed Adaptive HARQ and (b)
Fixed re-transmission numbers. The feedback delay per transmission round
amounts to one slot.
rate for CC-HARQ, which is given by
ǫ
(CC)
m (k,N) ≈ Q

N log2(1 +∑mi=1 γi)− k log2(N)√
NV (
∑m
i=1 γi)

 , (2)
where Q(x) = 1√
2π
∫∞
x
e−
u
2
2 du is the standard Q-function and
V (γ) =
γ(γ+2)
(γ+1)2
log22(e) is the channel dispersion [6].
For IR-HARQ, the packet error rate can be approximated
by [15]:
ǫ
(IR)
m (k,N) ≈ Q

N∑mi=1 log2(1 + γi)− k log2(mN)√
N
∑m
i=1 V (γi)

 , (3)
where we assumed that the re-transmitted packets are of the
same length N . One can easily extend this model to a more
general case that each re-transmission is of a different length1.
III. DYNAMIC HARQ WITH GUARANTEED DELAY
In conventional HARQ, the maximum number of re-
transmissions, L − 1, is limited and is set in advance. How-
ever, in the proposed scheme a packet can be re-transmitted
more than L − 1 times given that the previous packet was
received earlier than its deadline. The number of additional
retransmission is dynamic and depends on the decoding of the
previous packet. In Dynamic HARQ (D-HARQ), each packet
can be re-transmitted, through either Chase combining (CC)
or incremental redundancy (IR), until the packet is received
correctly and accordingly an acknowledgment is received at
the transmitter, or the delay constraint is violated, therefore
the packet is dropped. We show that D-HARQ is superior to
conventional HARQ in terms of reliability while maintaining
the same level of throughput.
As can be seen in Fig. 2-(a), packet ℓ − 1 is correctly
received one time slot earlier than its deadline, therefore the
transmission of packet ℓ can be started earlier, leaving more
transmission opportunities for packet ℓ. This means that packet
ℓ can be transmitted L+1 times via either Chase combining or
incremental redundancy. Fig. 2-b shows the fixed transmission
1The bound can be closely approached by using rateless codes which can
be designed for a wide range of SNRs and allows for variable length packet
transmission, see for example [16], [17].
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Fig. 3. The state diagram of the proposed D-HARQ scheme. The transmitter
at state J = j, for j ∈ [0,m], can send at most L + j copies of a packet
and state J = e is the error state.
strategy, where each packet is transmitted exactly L times. As
the transmitter does not need feedback, the transmitter can use
longer packets for transmitting data. That is for a given data
block of length k bits, the transmitter in the Fixed-Tx scheme
can use a rate R = k/(2n) channel code, while in D-HARQ a
rate 2R channel code should be used, assuming that the same
modulation is being used.
We limit the maximum number of transmissions in D-
HARQ to L+m, for 0 ≤ m < L; that is the transmission of the
packet it terminated when at most L+m copies of the packet
is sent or the deadline is reached or an acknowledgment is
received, whichever is earlier. This constraint limit the energy
consumption per packet of data, otherwise the number of re-
transmissions can be potentially large when the packets are
decoded much earlier than their deadlines, especially when the
channel condition is good. It is important to note that when
m = 0, the D-HARQ will be equivalent to HARQ, as the
packet can be transmitted L times only, even if the previous
packet was decoded earlier than its deadline.
IV. RELIABILITY AND THROUGHPUT ANALYSIS
In this section, we evaluate the packet error rate of the
proposed D-HARQ for a given packet deadline and time slot
duration. We focus on short packet communications and use
normal approximation [6] to calculate the error probability as
in (2) and (3). Let Aw denotes an event that the decoding
failed for a packet of length n symbols encoded with a rate
R = k/n channel code, which has been transmitted w times,
then Prob{Aw} = ǫw(k, n), where ǫw(k, n) is given by (2)
and (3) for Chase combining and incremental redundancy,
respectively. The superscript is omitted for the simplicity of
presentation.
A. Reliability and Throughput Analysis of D-HARQ
We use a Markov model to analyze the dynamic of the
proposed scheme. Fig 3 shows the Markov model of the
proposed scheme where each state, denoted by J , represents
the number of additional re-transmissions. That is when the
system is at state J = j, the transmitter can send at most
L+ j copies of the packet. As we have limited the maximum
number of additional re-transmissions, we have only m + 2
states, including the error state. The system transits from state
J = i to the error state, when the receiver collected L+i copies
of the packet, through either CC or IR, and the decoding failed.
Let Π denotes the state transition matrix for D-HARQ with
parameters L and m, then it can be shown as follows:
Π =


π00 · · · π0m π0e
... · · ·
...
...
πm0 · · · πmm πme
πe0 · · · πem πee

 ,
where πij is the probability of transiting from state J = i to
state J = j, for i, j ∈ [0, m], and πie (or πei) is the probability
of transiting from state J = i (or error state) to the error state
(or J = i).
The following lemma characterizes the transition probability
matrix of the proposed D-HARQ.
Lemma 1: In D-HARQ, where the interval between the
deadlines of two consecutive packets is L time slots and the
packets can be transmitted no more than L + m times, the
transition probability πij , for i, j ∈ [0, m] is given by
πij ≈


ǫL−j+i−1(k, n)− ǫL−j+i(k, n), 0 ≤ j < m,
1− ǫL+i−m(k, n), j = m,
0, o.w.,
πie ≈ ǫL+i(k, n), and
πei ≈ ǫL−i−1(k, n)− ǫL−i(k, n). (4)
Proof: When the system is at state J = i, the transmitter
can send at most L+ i copies of the packet. The system goes
to state J = j, when the packet can be correctly decoded
with exactly L + i − j transmissions. This happens when the
decoding failed with L+ i− j− 1 packets and succeeded with
L+ i− j packets. We then have
πij = Prob


L+i−j−1⋂
w=1
Aw
⋂
AcL+i−j


(a)
≈ Prob{AL+i−j−1} − Prob{AL+i−j}
= ǫL−j+i−1(k, n)− ǫL−j+i(k, n), (5)
where step (a) follows from Prob{Aw
⋂
Aw−1} =
Prob{Aw}Prob{Aw−1|Aw} ≈ Prob{Aw}, which is due
to the fact that if the decoding failed with w packets, it
almost certainly failed with w − 1 previous packets, i.e.,
Prob{Aw−1|Aw} ≈ 1. This means to declare an error after
L + i − j transmissions, all previous transmissions should
declare failure too.
The system goes to state J = m, when the packet can be
decoded with w transmissions where 0 < w ≤ L + i − m.
Therefore we have
πim = Prob
{
L+i−m⋃
w=1
Acw
}
= 1− Prob
{
L+i−m⋂
w=1
Aw
}
(b)
≈ 1− Prob {AL+i−m} = 1− ǫL+i−m(k, n),
where step (b) follows from the fact Prob{Aw
⋂
Aw−1} =
Prob{Aw}Prob{Aw−1|Aw} ≈ Prob{Aw}. The probability of
transiting from state J = i to the error state is the probability
that the decoding failed when the receiver collects L + i
packets, i.e., πie = Prob{AL+i} = ǫL+i(k, n).
When the system is at state J = e, it transits to state j = i
if the decoding succeeds with exactly L− i transmissions, i.e.,
πei ≈ Prob{AL−i−1} − Prob{AL−i}
= ǫL−i−1(k, n)− ǫL−i(k, n).
This completes the proof.
We then calculate the packet error rate. In D-HARQ, packet
error rate denoted by ζD is the probability that the system is
at the error state. The following lemma characterizes ζD.
Lemma 2: Let Pstat = [p0, p1, · · · , pm+1] denotes the sta-
tionary distribution corresponding the transition matrix Π.
The packet error rate of the proposed D-HARQ scheme with
parameters L and m, is then ζD(k, n, L,m) = pm+1.
Proof: The lemma follows directly from the fact that the
stationary distribution of the system can be characterized by
the eigenvector of matrix Π′ corresponds to eigenvalue 1 and
the packet error probability is simply the stationary probability
of being at state J = e.
Remark 1: The packet error rate for the proposed D-HARQ
scheme with parameters L and m = 1 is given by
ζD(k, n, L, 1)
≈
ǫL+1(k, n)− ǫL−1(k, n)ǫL+1(k, n) + ǫ
2
L(k, n)
1− ǫL−1(k, n) + ǫL(k, n)
, (6)
which can be easily derived by solving the linear equation
(Π− I3)P
′
stat = 0, where I3 is the 3× 3 identity matrix.
Lemma 3: The throughput of the proposed D-HARQ with
parameters L and m is given by
ηD(k, n, L,m) ≈
k(1− ζD(k, n, L,m))
2n P′stat (Π ◦ Λ)1m+2
, (7)
where 1m+2 is the all-one column vector of length m+2, Π◦Λ
is the Hadamard product of matrices Π and Λ and
Λ =


L L− 1 · · · L−m L
L+ 1 L · · · L−m+ 1 L+ 1
...
... · · ·
...
...
L+m L+m− 1 · · · L L+m
L L− 1 · · · L−m L


.
Proof: When the system is at state J = i, then it
transits to state J = i with probability πij and the number
of transmissions will be L + i − j, which is the jth ele-
ment of the ith row of Matrix Λ. The transmitter will send
πie(L+i)+
∑m
j=0 πij(L+i−j) packets on average when it is at
state J = i. This is equivalent to the ith row of (Π ◦ Λ)1m+2.
When the system is at the error state, it sends on average∑m
i=0 πei(L−i) packets. This is equivalent to the to the last row
of (Π ◦ Λ)1m+2. In the stationary state, the average number
of transmissions can be then calculated by P′stat(Π ◦Λ)1m+2.
As each packet transmission takes one mini slot of length n
symbols and requires a feedback from the receiver that takes
place over a mini slot of length n symbols, the throughput can
be easily derived by (7).
B. Reliability and Throughput Analysis of the Conventional
HARQ and Fixed Transmission
For the Fixed transmission scheme with L transmissions,
the packet error rate denoted by ζF (k, n, L) is given by
ζF (k, n, L) = ǫL(k, 2n), (8)
where k is the information block length and the time slot
duration is 2n. Accordingly, the throughput is given by:
ηF =
k(1− ǫL(k, 2n))
2nL
. (9)
In the conventional HARQ with the maximum L transmis-
sions, the packet error probability, denoted by ζH(k, n, L) can
be calculated as follows:
ζH(k, n, L) = ǫL(k, n), (10)
due to the facts that a feedback message is sent by the receiver
after each packet transmission, which consumes one mini-slot
and the maximum number of transmissions is L.
In conventional HARQ, the decoding will succeeds af-
ter receiving exactly i packets 1 ≤ i ≤ L packets with
probability ≈ ǫi−1(k, n) − ǫi(k, n). This follows directly with
the same argument as in (5). The decoding will fail and
the packet will drop after L transmissions with probability
ǫL(k, n). Therefore, the average number of transmissions is
LǫL(k, n) +
∑L
i=1 i(ǫi−1(k, n) − ǫi(k, n)). The throughput of
the conventional HARQ scheme, denoted by ηH (k, n, L), can
be then calculated as follows:
ηH(k, n, L)
≈
k(1− ǫL(k, n))
2n
(
LǫL(k, n) +
∑L
i=1 i(ǫi−1(k, n)− ǫi(k, n))
) . (11)
V. NUMERICAL RESULTS
We first consider a simple communication scenario with
L = 2 and m = 1. This scenario is very important as in many
URLLC applications, only one re-transmission is allowed due
to the very strict delay constraint. We will show that the
proposed scheme achieves higher level of reliability by effec-
tively provide more opportunities for packet re-transmissions
for URLLC applications. In the fixed transmission scheme
exactly two copies of the packet of length 2n is sent to the
receiver. However in D-HARQ, packets of length n are sent to
the receiver, leaving half of the timeslot for the ACK/NACK
transmission.
Fig. 4 shows the packet error rate (PER) versus SNR when
L = 2, m = 1, k = 32. As can be seen in this figure,
the proposed D-HARQ significantly outperforms the fixed
transmission scheme in terms of PER. More specifically, at the
target PER of 10−4, D-HARQ achieves 3dB gain compared
with the fixed transmission scheme. It is important to note
that in Fixed-Tx, the transmitter can use a lower code rate to
encode each packet compared with D-HARQ. In particular,
when the feedback mini-slot is half of the timeslot duration,
the channel code rate of the fixed transmission scheme is
half that of the D-HARQ. Fixed-Tx outperforms conventional
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Fig. 4. Packet error rate versus SNR when the time slot duration is 64 symbols
and k = 32.
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Fig. 5. The CDF of the packet error rate at different SNRs when the time
slot duration is 64 symbols, k = 32, L = 2 and m = 1.
HARQ as in HARQ a shorter packet is used due to the
feedback transmission.
Fig. 5 shows the cumulative distribution function (CDF) of
the packet error rate. As can be seen in this figure, D-HARQ
achieves a much lower packet error rate compared with the
fixed transmission scheme. This is of particular importance
for URLLC applications as every packet must be received with
the desired level of reliability by the target deadline. As can
be seen in Fig. 5, at 10 dB, D-HARQ achieves a very high
reliability with a large probability compared with the fixed
transmission scheme.
Fig. 6 shows the packet error rate versus the throughput. One
can use different channel code rates to encode each packet of
data. This figure shows that the proposed D-HARQ achieves
a much higher throughput at the same target PER. More
specifically, at γ0 = 10dB under the same delay constraint
L = 2 and target packet error rate 10−4, D-HARQ achieves
almost double the throughput of Fixed-Tx. We can conclude
here that in D-HARQ even though we are sending shorter
packets due to time reservation for feedback transmission,
we can get a higher throughput compared with the fixed
transmission scheme under the same reliability constraint or
achieves a much lower packet error rate under the same
throughput thanks to the potentially larger number of diversity
branches in the proposed D-HARQ scheme.
Next, we show the performance of the proposed D-HARQ
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Fig. 6. Packet error rate versus throughput at different SNRs when the timeslot
duration is 64.
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Fig. 7. Packet error rate versus SNR when the timeslot duration is 64 symbols.
when the delay constraint L increases. As can be seen in
Fig. 7, by increasing m the proposed D-HARQ achieves a
much lower error probability compared with the Fixed-Tx and
conventional HARQ schemes. This is of particular importance
for URLLC applications that D-HARQ achieves a higher level
of reliability without imposing a delay into the system. In fact
in D-HARQ, we are using the available diversity branches in a
more effective way that is the packets can be opportunistically
transmitted more times when less diversity branches were used
in the previous round of packet transmission.
VI. CONCLUDING REMARKS
In this paper, we proposed a dynamic HARQ (D-HARQ)
scheme for ultra-reliable delay sensitive communications. In
the proposed scheme, each packet can be re-transmitted more
times if the previous packet was decoded earlier than its
deadline. We analyzed the reliability and throughput of the
proposed D-HARQ and showed that it is superior to the fixed
transmission and conventional HARQ. The proposed scheme
opportunistically provides more diversity without imposing
any delay into the system. In particular, when each packet
must be correctly received with a maximum two transmissions,
the proposed D-HARQ achieves 10dB gain compared with
conventional HARQ thanks to effectively using the diversity
branches in a dynamic manner.
REFERENCES
[1] H. Chen, R. Abbas, P. Cheng, M. Shirvanimoghaddam, W. Hardjawana,
W. Bao, Y. Li, and B. Vucetic, “Ultra-reliable low latency cellular
networks: Use cases, challenges and approaches,” IEEE Communications
Magazine, vol. 56, no. 12, pp. 119–125, 2018.
[2] J. O¨stman, R. Devassy, G. C. Ferrante, and G. Durisi, “Low-latency
short-packet transmissions: Fixed length or HARQ?” arXiv preprint
arXiv:1809.06560, 2018.
[3] “3GPP TS 22.261 Service requirements for the 5G system; Stage 1 (Re-
lease 16),” 3rd Generation Partnership Project, Technical Specification
Group Services and System Aspects, Mar. 2018.
[4] M. Shirvanimoghaddam, M. S. Mohammadi, R. Abbas, A. Minja,
C. Yue, B. Matuz, G. Han, Z. Lin, W. Liu, Y. Li, S. Johnson, and
B. Vucetic, “Short block-length codes for ultra-reliable low latency
communications,” IEEE Communications Magazine, vol. 57, no. 2, pp.
130–137, February 2019.
[5] V. K. L. Huang, Z. Pang, C. J. A. Chen, and K. F. Tsang, “New trends
in the practical deployment of industrial wireless: From noncritical to
critical use cases,” IEEE Industrial Electronics Magazine, vol. 12, no. 2,
pp. 50–58, 2018.
[6] Y. Polyanskiy, H. V. Poor, and S. Verdu´, “Channel coding rate in the
finite blocklength regime,” IEEE Transactions on Information Theory,
vol. 56, no. 5, p. 2307, 2010.
[7] M. Bennis, M. Debbah, and H. V. Poor, “Ultra-reliable and low-latency
wireless communication: Tail, risk, and scale,” Proceedings of the IEEE,
vol. 106, no. 10, pp. 1834–1853, 2018.
[8] S. H. Kim, D. K. Sung, and T. Le-Ngoc, “Performance analysis of
incremental redundancy type hybrid ARQ for finite-length packets in
AWGN channel,” in 2013 IEEE Global Communications Conference
(GLOBECOM). IEEE, 2013, pp. 2063–2068.
[9] P. Wu and N. Jindal, “Coding versus ARQ in fading channels: How
reliable should the PHY be?” IEEE Transactions on Communications,
vol. 59, no. 12, pp. 3363–3374, 2011.
[10] W. Lee, O. Simeone, J. Kang, S. Rangan, and P. Popovski, “HARQ
buffer management: An information-theoretic view,” IEEE Transactions
on Communications, vol. 63, no. 11, pp. 4539–4550, 2015.
[11] B. Makki, T. Svensson, and M. Zorzi, “Finite block-length analysis of
the incremental redundancy HARQ,” IEEE Wireless Communications
Letters, vol. 3, no. 5, pp. 529–532, 2014.
[12] A. Avranas, M. Kountouris, and P. Ciblat, “Energy-latency tradeoff in
ultra-reliable low-latency communication with short packets,” in 2018
IEEE Global Communications Conference (GLOBECOM). IEEE, 2018,
pp. 1–6.
[13] J. Rao and S. Vrzic, “Packet duplication for URLLC in 5G: Architectural
enhancements and performance analysis,” IEEE Network, vol. 32, no. 2,
pp. 32–40, 2018.
[14] B. Makki, T. Svensson, G. Caire, and M. Zorzi, “Fast HARQ over finite
blocklength codes: A technique for low-latency reliable communication,”
IEEE Transactions on Wireless Communications, vol. 18, no. 1, pp. 194–
209, 2019.
[15] C. Sahin, L. Liu, E. Perrins, and L. Ma, “Delay-sensitive communica-
tions over IR-HARQ: Modulation, coding latency, and reliability,” IEEE
Journal on Selected Areas in Communications, 2019.
[16] R. Abbas, M. Shirvanimoghaddam, T. Huang, Y. Li, and B. Vucetic,
“Novel design for short analog fountain codes,” IEEE Communications
Letters, vol. 23, no. 8, pp. 1306–1309, Aug 2019.
[17] S. Jayasooriya, M. Shirvanimoghaddam, and S. J. Johnson, “A design
of reconfigurable raptor codes for wide snr ranges using a multi-edge
framework,” IEEE Communications Letters, vol. 22, no. 8, pp. 1532–
1535, Aug 2018.
